We investigated the effects of embryoid body (EB) forming conditions on the expression of hepatocyte marker genes such as alpha-fetoprotein, albumin and CYP7A1 in cells cultured on Matrigel-coated plates for 15 d. The expression levels of hepatocyte marker genes in the cells cultured for 2 d for EB formation from cynomolgus monkey embryonic stem (cmES) cells was higher than those in cells cultured for 5 d. However, the fragment-size of cmES colonies did not markedly affect the expression levels. The expression levels of hepatocyte marker genes, and CYP1A1 and CYP2C43 in cells cultured on Matrigel were considerably higher than those on Matrigel reduced and collagen I. CYP1A1 and CYP3A8 mRNAs were significantly induced by 3-methylcholanthrene and rifampicin, respectively. However, CYP2C43 and CYP2D17 were not induced by these compounds. These results suggested that the differentiation into hepatocytes is affected by the incubation period for EB formation, and that Matrigel successfully promoted in vitro differentiation of cmES cells to hepatocytes.
Examination of drug metabolism using human hepatocytes is important in the early stages of drug development. However, primary human hepatocytes are short-lived and cannot be maintained in culture over the long term. Considerable donor-dependent variations are also problematic. Human embryonic stem (ES) cells are pluripotent cells derived from the inner cell mass of blastocysts and are capable of differentiating into three embryonic germ layers and germ cells. 1) The cells apparently differentiate into various types of mature cells, and are thereby an attractive source for routine access to large numbers of cells that can be used for the development of candidate drug-screening strategies replacing primary cells. 2) However, ethical considerations have limited the availability of human ES cells. The phenotype of human ES cells is known to be similar to that of monkey ES cells but differs from that of mouse ES cells with regard to morphology, response to leukemia inhibitory factor, and gene expression patterns. 1, [3] [4] [5] Research using monkey ES cells is considered to be useful for investigation of differentiation mechanisms in primate ES cells and models of human ES cells. Recently, it has been shown that monkey ES cells can be differentiated into various cell types-including neurons, hematopoietic cells, and pancreatic cells-using growth factors. [6] [7] [8] Hepatocytes derived from monkey ES cells may be useful for pharmacokinetic examinations such as induction of drug metabolism enzymes and interactions of candidate drugs. To date however, there have been few reported studies describing the differentiation of monkey ES cells into hepatocytes. 9, 10) After the emergence of the liver bud from the developing gut tube, the level of hepatic maturation is characterized by the expression of liver-and stage-specific genes. For example, alfa-fetoprotein (AFP) is an early hepatic marker, expressed by hepatoblasts in the liver bud until birth. 11, 12) The synthesis of AFP decreases dramatically after birth and only trace amounts are expressed in the adult liver. In contrast, albumin (ALB), the most abundant protein synthesized by he-patocytes, is initially expressed at lower levels in early fetal hepatocytes but this increases as the hepatocytes mature, reaching a maximum in adult hepatocytes. 13, 14) The mRNA expression of cytochrome P450 7A1 (CYP7A1) which is a rate-limiting enzyme in the conversion of cholesterol to bile acids in liver 15) is detected in fetal liver of third trimester of pregnancy. 16) After birth, CYP7A1 increases several-fold with age both at the enzyme activity level and the mRNA level. 17, 18) The in vitro approaches involve the formation of embryoid bodies (EBs) to mimic the inductive microenvironment required for liver organogenesis [19] [20] [21] and treatment with specific growth factors and cytokines critical for hepatic differentiation. 22) At present, culture systems for ES cells have mainly used gelatin-or collagen-coated plates as the matrix for the maintenance of cells in an undifferentiated state and differentiation. Especially, collagen was chosen as the matrix for growing the cells since the liver bud proliferates and migrates into the septum transversum mesenchyme that is composed of loose connective tissue containing collagen. The nature of extracellular matrix (ECM) can greatly affect a number of phenotypic and genotypic characteristics of associated cells. [23] [24] [25] The ECM of each organ is distinct in its composition and hence, in its interactions with the cells unique to that organ. 24) Tissue-specific matrices influence the developmental lineage and may further promote organ differentiation. ES cells are contacted by various soluble and insoluble ECM components that influence their differentiation in vitro. 26) In vitro studies have shown that ECM components and growth factors regulate the differentiation of stem cells to create physiologically relevant in vitro models that support normal cell structure and function. The in vitro microenvironment needs to incorporate the major components that are generally exhibited in vivo.
In this study, we investigated the effects of EB formation condition and ECM on differentiation of monkey ES cells into hepatocytes, and expression and induction of major CYP mRNAs responsible for drug metabolism in the cells.
MATERIALS AND METHODS

Materials Cynomolgus monkey (Macaca fascicularis)
ES cells (cmES cells, CMK6) were generously provided by Tanabe Seiyaku Co., Ltd. (Osaka, Japan). 4) Becton, Dickinson and Company (BD) Matrigel Basement Membrane Matrix (Matrigel) and Growth Factor Reduced BD Matrigel Matrix (Matrigel reduced) were obtained from BD Biosciences (Bedford, MA, U.S.A.). Insulin-transferrin-sodium selenite (ITS), mitomycin C, sodium pyruvate, Dulbecco's modified Eagle's medium (DMEM), and DMEM and Ham's nutrient mixture F-12 were obtained from Sigma (St. Louis, MO, U.S.A.); murine embryonic fibroblasts (MEF) was obtained from Oriental Yeast (Tokyo, Japan); KnockOut Serum Replacement, KnockOut DMEM, L-glutamine, minimal essential medium nonessential amino acids and SuperScript III were obtained from Invitrogen Life Technologies (Carlsbad, CA, U.S.A.); acid fibroblast growth factor (aFGF) and hepatocyte growth factor (HGF) were obtained from R&D Systems (Minneapolis, MN, U.S.A.); oncostatin M (OSM), dexamethasone (DEX), 3-methylcholanthrene (MC), rifampicin (RIF) and dimethyl sulfoxide (DMSO) were obtained from Wako Pure Chemicals (Osaka, Japan); TaKaRa EX Taq and SYBR Green real-time polymerase chain reaction (PCR) Master Mix were obtained from Takara Bio (Otsu, Japan); collagen Type I (collagen I)-coated microplate were obtained from Asahi Glass (Chiba, Japan). All other reagents used were of the highest quality available.
ES Cell Culture Undifferentiated cmES cells were maintained in an ES medium consisting of a 1 : 1 mixture of DMEM and Ham's nutrient mixture F-12, 20% KnockOut Serum Replacement, 2 mM L-glutamine, 0.1 mM minimal essential medium nonessential amino acids, 0.1 mM 2-mercaptoethanol, 1 mM sodium pyruvate, 25 units/ml penicillin and 25 mg/ml streptomycin at 37°C in humidified air with 5% CO 2 . The cells were cultured on mitomycin C mitotically inactivated MEF, manually dissociated. The medium was changed daily. Cell colonies composed of closely packed cells were split about every 3 to 4 d by incubation in a 0.1% collagenase solution for 5 min at 37°C and passaged onto new mitomycin C-treated MEF cells.
EB Formation and Differentiation For EB formation cultures, colonies of cmES cells were split by 0.1% collagenase and suspended in EB formation medium (DMEM containing 15% inactivated fetal bovine serum (FBS), 0.1 mM nonessential amino acids, 0.1 mM 2-mercaptoethanol, 50 units/ml penicillin, and 50 mg/ml streptomycin). The colonies were dissociated by pipetting using a glass pipette. The colony suspensions of cmES cells cultured in a f10 cm-plate were divided into 5, 10 or 25 equal parts to form EBs. The culture for EB formation was performed by the conical tube method as previously reported. 27) The resulting EBs were transferred onto 24-well plates coated with collagen I, Matrigel reduced (100 ml/well) or Matrigel (100 ml/well) to perform attachment culture with EB formation medium containing 100 ng/ml aFGF, 20 ng/ml HGF, 10 ng/ml OSM, 10 ng/ml ITS and/or 100 nM DEX, for 15 or 30 d (Fig. 1) . The medium was changed as shown in Fig. 1 .
Drug Treatments To clarify the effect of inducers on the expression of CYPs, the cells were treated with 5 mM MC or 40 mM RIF for 72 h (Fig. 1 ). The compounds were dissolved in DMSO, which was added to the culture medium at a final concentration of 0.1%.
RNA Extraction and Reverse Transcription Reaction
Total RNA was extracted from the cells with an RNeasy minikit (Qiagen, Valencia, CA, U.S.A.) according to the manufacturer's instructions. First-strand cDNA was generated from 2-4 mg of total RNA. Reverse transcription (RT) reaction was performed using SuperScript III according to the manufacturer's instructions.
Semi-quantitative RT-PCR Analysis The resulting cDNA was amplified with TaKaRa EX Taq. PCR was carried out using a MyCycler thermal cycler (Bio-Rad, Hercules, CA, U.S.A.) and PCR Express Thermal Cycler (Hybaid Ltd., Middlesex, U.K.). The primers and amplification conditions used are summarized in Table 1 . The amplified products were separated by electrophoresis on 2% agarose gel. The levels of these mRNAs were normalized relative to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.
Real Time RT-PCR Analysis For detection of mRNA expression levels, CYP genes were also analyzed by SYBR Green real-time quantitative RT-PCR. All PCR procedures were performed using the ABI 7500 Fast System SDS software version 1.3.1 (Applied Biosystems). PCR was performed using diluted cDNA template in a 25 ml reaction mixture containing 0.30 mM of each primer and 12.5 ml SYBR Green real-time PCR Master Mix. The primers used are summarized in Table 1 . 
RESULTS
Morphology of EBs and mRNA Expression of Hepatocyte Marker Genes in the Cells Differentiated from cmES
Cells A typical colony of undifferentiated cmES cells is shown in Fig. 2A . As previously reported for primate ES cells, undifferentiated cmES cells formed tightly packed and flatter colonies. 4) Each cell had a high nucleus/cytoplasm ratio and prominent nucleoli. The cmES cell colonies were dissociated from the plate by collagenase and suspended in EB formation medium. The fragmentation of cmES cell colonies was caused stepwise by pipetting the medium containing cmES cell colonies 0-, 6-and 12-times using a glass pipette. The colony suspensions of cmES cells cultured on a f10 cm-plate were divided into 25 equal parts to form EBs and cultured for 2 or 5 d in conical tubes. Figure 2B shows cmES colony fragments and a typical EB, which was cultured for 2 d in the conical tube. EBs produced from large ES April 2009 621 AFP  ACTATTGGCCTGTGGTGAGG  TGCAATGACAGCCTCAAGTT  316  58  33  AB158630  ALB  CCATTGGTGAGACCAGAGGT  TGGGAAATTTCTGGCTCAAG  334  54  33  M90463  CYP7A1  ACTGCGCATGTTTCTCAATG  CCTCCTTAGCTGTCCGAATG  332  58  35  AB211232  GAPDH  GTCAGTGGTGGACCTGACCT  TGCTGTAGCCAAATTCGTTG  245  63 cell colony fragments (0-times pipetting for fragmentation) were about 2-fold bigger than those from medium (6-times) and small (12-times) ES cell colony fragments. To address the differentiation potential of monkey ES cells into hepatic lineage, the EBs were cultured on Matrigel-coated plates for 15 d. Hepatocyte marker genes such as AFP, ALB and CYP7A1 were detected in the cells by RT-PCR analysis (Fig.  3) . Expression levels of hepatocyte marker genes in the cells differentiated from the large colony fragments were the almost the same as those from the medium and small colony fragments (Fig. 3) . The expression levels of marker genes, especially ALB, in the cells cultured for 2 d for EB formation was higher than those in cells cultured for 5 d. However, the fragment-size of cmES colonies did not markedly affect the expression levels ( Fig. 3 ).
Expressions of Hepatocyte Markers and CYP Genes in the Cells Differentiated from cmES Cells on Plates Coated with Collagen I, Matrigel Reduced or Matrigel
Morphological differences were observed between EBs cultured on the plates coated with collagen I, Matrigel reduced and Matrigel (Fig. 4) . EBs cultured on the plates coated with collagen I were easily spread by a single cell layer (monolayer) or by multiple cell layers (multilayer) (Fig. 4A ). On the other hand, EBs readily attached to Matrigel reduced and Matrigel. The size of EBs increased with time, and then the cells at the edges of the EBs on Matrigel reduced and Matrigel were spread more slowly than that on collagen I (Figs.  4B, C) . The EBs began forming internal cystic structure around day 3 of cultivation and increased diameter (Figs. 4E, F). Cells in cultures over Matrigel reduced or Matrigel appear more dense than those formed in cultures over an collagen substrate.
The mRNA expression levels of ALB, AFP and CYP7A1 in cells cultured on plates coated with Matrigel reduced and Matrigel were about 60-36-and 9-fold higher, and 226-71and 19-fold higher, respectively, compared to those in cells cultured in plates coated with collagen I (Fig. 5A ). The mRNA expression levels of CYP1A1, CYP2C43, CYP2D17 and CYP3A8 in cells cultured in plates coated with Matrigel reduced and Matrigel were about 6.5-11-, 2-and 3-fold higher, and 10-, 23-, 2-and 2.5-fold higher, respectively, than those in cells cultured in plates coated with collagen I (Fig.  5B) .
Effects of Inducers on Expression of CYP1A1, CYP2C43, CYP2D17 and CYP3A8 Genes in the Cells
Differentiated from cmES Cells As described above, the basal expression levels of CYP mRNAs were increased by culturing on plates coated with Matrigel reduced or Matrigel. Especially, the expression levels of CYP1A1 and CYP2C43 mRNAs in cells cultured on plates coated with Matrigel reduced and Matrigel were about 6.5-and 10-fold higher, and 11-and 23-fold higher, respectively, compared to those in 622 Vol. 32, No. 4
Fig. 3. Effect of EB Formation Condition on Expression of Hepatocyte Marker Genes in Cells Differentiated from cmES Cells
Colony suspensions of undifferentiated cmES cells cultured on a f10 cm-plate were divided into 25 equal parts, and were cultured in conical tubes for 2 or 5 d for EB formation. EBs were cultured for 15 d further on plates coated with Matrigel for differentiation into hepatocytes. The mRNA expression was analyzed by semi-quantitative RT-PCR as described in Materials and Methods. L: cells differentiated from large ES cell colony fragments, M: cells differentiated from medium ES cell colony fragments, S: cells differentiated from small ES cell colony fragments. cells cultured on plates coated with collagen I (Fig. 6 ). To evaluate the effects of inducers on the expressions of CYP1A1, CYP2C43, CYP2D17 and CYP3A8 mRNAs in cells differentiated from cmES cells, the cells were treated with typical inducers. As shown in Fig. 6A , the expression level of CYP1A1 mRNA was enhanced about 7-, 4-and 4fold by MC in cells cultured on collagen I-, Matrigel reduced-and Matrigel-coated plates, respectively, compared to the control, although CYP1A1 was not induced by RIF. However, the expression level of CYP3A8 mRNA was markedly induced by RIF (Fig. 6D ). However, the expression level of CYP2C43 and CYP2D17 mRNAs was not notably induced by these compounds (Figs. 6B, C) . Treatment of MC rather suppressed the expression levels of CYP2C43 and CYP3A8 mRNAs in the cells cultured on Matrigel reduced-and Matrigel-coated plates (Figs. 6B, D) .
DISCUSSION
Kamiya et al. indicated that the expression of several mature liver-specific genes was increased in fetal hepatocytes by cultivation on plates coated with Matrigel in the presence of hepatic maturation factor OSM. 28, 29) We initially investigated the effects of EB forming conditions on the expression of hepatocyte marker genes in cells cultured on plates coated with Matrigel as extracellular matrix. The expression level of ALB in cells cultured for 2 d for EB formation was higher than that in cells cultured for 5 d, although the fragment-size of cmES colonies did not affect the expression levels of hepatocyte marker genes (Fig. 3) . The liver develops from the primitive gut tube, which is formed by a flat sheet of cells, called definitive endoderm. 30) ES cells are efficiently differented to hepatocytes by priming ES cells towards definitive endoderm with activin A, that is a member of transforming growth factor-b (TGF-b) superfamily, prior to further differentiation to hepatocytes. 31) EBs formed by culture for 2 d can be successfully induced to differentiate into definitive endoderm by culture in activin A and FGF-2. 32) We do not know the reason why the expression levels of hepatocyte marker genes, especially ALB, in the cells cultured for 2 d for EB formation from cmES cells was higher than those in cells cultured for 5 d (Fig. 3) . EBs differentiate into three embry- onic germ layers, and then these cells can further differentiate into multiple cell types such as neuronal, cardiac muscle, chondrocytic, and hematopoietic cells in vitro. 33) EBs formed by cultivation of ES colony suspensions for 2 d might be primed to definitive endoderm in prior differentiate into mesoderm or ectoderm by transplanted onto Matrigel containing TGF-b as described below. Based on these results, it is suggested that the differentiation into hepatocytes is affected by the incubation period for EB formation, but not fragment-size of the colonies. Therefore, EBs were formed by cultivation for 2 d in EB formation medium.
Okamura et al. 9) reported that ECM including gelatin, collagen I, fibronectin, and Matrigel did not affect the expression of ALB mRNA in cultured monkey EBs. We next examined the effect of ECM on hepatic differentiation of EBs cultured. Morphologies of EBs after cultivation differed between ECMs (Fig. 4 ). Typical morphologies of EBs cultured on dishes coated with Matrigel reduced and Matrigel were formation of internal cystic structure. The expression levels of AFP, ALB, CYP7A1, CYP1A1 and CYP2C43 in cells cultured on Matrigel were considerably higher than those on Matrigel reduced and collagen I (Figs. 5, 6) . Recently, Ishii et al. also reported that Matrigel effectively induced the differentiation of multiple human ES cell lines into AFP-producing cells when human ES cells were cultured on collagen-, laminin-, and Matrigel thin-coated dishes in the presence of HGF and activin A. 34) These findings suggest that Matrigel is an effective matrix supporting the differentiation of ES cells into hepatocytes. However, we do not know the implication of morphological changes on differentiation of ES cells to hepatocytes. Future studies will be necessary to clarify the relation between matrix and the morphological changes.
Matrigel is a solubilized basement membrane preparation extracted from the Engelbreth-Holm-Swarm mouse sarcoma, a tumor rich in extracellular matrix proteins. Its major component is laminin, followed by collagen IV, heparan sulfate proteoglycans, and entactin/nidogen. 35, 36) At the earliest stages of hepatocyte development, several studies established the requirement for high levels of TGF-b family member Nodal in the specification of definitive endoderm during gastrulation. [37] [38] [39] The ventral domain of the foregut commits to a liver-cell fate, induced, in part, by FGF signaling originating from the adjacent cardiac mesoderm. [40] [41] [42] Matrigel also contains TGF-b, epidermal growth factor, insulin-like growth factor-1, FGF, tissue plasminogen activator, 43, 44) and other growth factors that occur naturally in the Engelbreth-Holm-Swarm tumor. These growth factors and cytokines may stimulate the differentiation of cmES cells into hepatocytes.
The expression of hepatocyte marker genes in cells cultured on Matrigel reduced as well as Matrigel was also markedly higher than that on collagen I, although the concentrations of cytokines and growth factors other than TGF-b and insulin-like growth factor-1 are considerably lower than those in Matrigel according to the manufacturer's product specifications (Fig. 5 ). Matrigel influenced gene expression in adult rat hepatocytes 45, 46) as well as in three-dimensional culture of mouse [47] [48] [49] and human 50, 51) mammary epithelial cells. Three-dimensional culture is important not only in accommodating an organ-like mass but also in enhancing physical cell-to-cell contact, accumulation of extracellular matri-ces, and local growth factor delivery, with a much greater biochemical effect on the maturation of fetal mouse and human hepatocytes than those in monolayer cultures. [52] [53] [54] Three-dimensional culture of Matrigel and Matrigel reduced together with growth factors and cytokines might affect the differentiation of cmES cells into hepatocytes as well as the maturation of these cells.
CYP1A1, CYP2C43, CYP2D17 and CYP3A8 in cynomolgus monkey are major drug metabolism enzymes corresponding to CYP1A1, CYP2C19, CYP2D6 and CYP3A4, respectively, in human. [55] [56] [57] [58] CYP2C19, CYP2D6 and CYP3A4 are predominantly expressed in human liver. 59) On the other hand, there are species differences between monkeys and humans in the expression of CYP1A1. CYP1A1 is rarely expressed in the human liver, but CYP1A2 is constitutively expressed. 60) Furthermore, the expression level of CYP1A1 mRNA was much lower than that of CYP1A2 mRNA in the human liver. 59) However, the most of CYP1A enzyme expressed in cynomolgus monkey liver is CYP1A1. 61) CYP1A1 mRNA was constitutively expressed (Figs. 5, 6), while CYP1A2 mRNA was rarely detected in the cells differentiated from cmES cells (data not shown). Quattrochi et al. 62) and Fernandez-Salguero et al. 63) reported the involvement of the aryl hydrocarbon receptor in the regulation of CYP1A1 expression. The expression level of CYP1A1 mRNA was markedly induced by MC in the cells differentiated from cmES cells (Fig. 6) . We have previously found that aryl hydrocarbon receptor mRNA was detected in differentiating mouse ES cells throughout the culture period of 36 d. 64) These findings suggest that the enzyme induction process via aryl hydrocarbon receptor is already constructed in the hepatocytes-derived from cmES cells.
We previously reported that RIF, which is a highly effective inducer of CYP3A enzymes in primary culture of adult human hepatocytes, did not appreciably induce CYP3A4 mRNA in human fetal hepatocytes 65) constituted with hepatoblasts. One reason why CYP3As mRNA expression is not induced by RIF in human fetal liver cells may be that pregnane X receptor (PXR) expression levels is very low in these cells. 66) In the cells differentiated from cmES cells on Matrigel reduced-and Matrigel-coated plates, CYP3A8 was significantly induced by RIF ( Fig. 6 ). CYP3A8 was not induced by RIF in cells differentiated on collagen I-coated plate (Fig.  6 ). Hepatocyte marker expression in the cells differentiated on plates coated with collagen I was considerably lower than that in those on Matrigel reduced-and Matrigel-coated plates. We have also found that PXR mRNA was expressed only at the late stage in differentiating mouse ES cells. 64) These findings suggest that the cells differentiated on Matrigel reduced-and Matrigel-coated plates demonstrate the characteristics of mature hepatocytes in the CYP3A8 gene expression response following RIF treatment, although cells differentiated on collagen I-coated plate were not sufficiently mature to induce CYP3A8 such as that in hepatoblasts.
The cells differentiated from cmES cells expressed detectable levels of CYP3A8 and responded to RIF treatment. CYP3A8 can be induced with RIF through the transcription factor PXR, suggesting that cells differentiated from cmES cells do respond to chemical treatment and that PXR is active in these cells. This has important implications for the application of cells differentiated from cmES cells as an in vitro model for drug development. In the present study, the effects of MC and RIF on the mRNA expression of CYP1A1 and CYP3A8 in the cells differentiated from cmES cells were consistent with those in cynomolgus monkey hepatocytes. 61, 67) Based on gene expression analysis, we think that in order to be able to use cmES cells-derived hepatocytes for drug screening, further improvement may be required, particularly with regard to maturation.
